The Jinan karst spring system, discharged by 108 springs in 2.6 km 2 city center area of Jinan, China, has been suffering lower regional groundwater levels, which threatens the karst springs outflowing and aquatic ecological civilization. For better spring protection, monthly hydrogeochemical and isotopic investigations were conducted in four representative karst springs (Baotu Spring (BTQ), Heihu Spring (HHQ), Zhenzhu (ZZQ), and Wulongtan Springs (WLT)) in 2016. Results showed that the BTQ, WLT, and ZZQ had similar hydrogeochemical and isotopic behaviors, which were different with that of HHQ. By combining the daily water level data with monthly hydrogeochemical and isotopic data of BTQ and HHQ, the hydrogeological processes of the two neighboring karst springs (470 m apart) are distinguished. (a) BTQ is recharged by two sources of precipitation and river water, while HHQ is recharged mainly by precipitation. (b) Hydrogeochemical characteristics of Baotu Spring are mainly controlled by calcite, dolomite, and gypsum dissolution mixture with river water and agricultural activity, while the hydrogeochemical characteristics of Heihu Spring are mainly controlled by calcite, dolomite, and gypsum dissolution in dry season, and dilution in wet season. (c) The discharge component of both springs is storage water by diffuse flow which is pressured by new infiltration rain water. The ratio of rain water is 14% in Baotu Spring and 9% in Heihu Spring calculated by a binary mixture model. Overall, this study puts forward the standpoint that neighboring karst springs with the same geological condition, can show different hydrogeological characteristics, which is a useful evidence for understanding the heterogeneity/complexity of karst aquifers.
Introduction
Karst aquifers crop out in approximately 12% of the global land surface and offer water resource for almost 25% of the world population [1] [2] [3] [4] . In the past several decades, karst systems have been widely studied in aspects of the conceptual model [5] [6] [7] , recharge sources [8] [9] [10] , flow types [11, 12] , hydrogeochemical processes [13] [14] [15] [16] [17] [18] [19] [20] [21] , hydrodynamics [22] [23] [24] , responses to climate changes [25] [26] [27] , and numerical modeling [28] [29] [30] . However, the heterogeneity and anisotropy of karst conduits and fractures created by uneven groundwater flow give rise to the complex hydrogeological conditions and make it difficult to understand and characterize the karst system [4, 31, 32] . [58] and they show a high hydraulic gradient in direction of southwest for Baotu Spring and southeast for Heihu Spring.) Topographic and generalized geological map in the Jinan karst spring system. (1. Archaean metamorphic rocks; 2.
Cambrian limestone; 3. Ordovician limestone; 4. Quaternary sediments; 5. Magmatic rocks; 6. Fault; 7. River; and 8. Spring. The numbers in figure represent the groundwater level obtained from Sun [58] and they show a high hydraulic gradient in direction of southwest for Baotu Spring and southeast for Heihu Spring.)
The climate of Jinan is semiarid continental monsoon climate characterized by cold and dry winter and hot and wet summer. The mean precipitation is 673 mm/year, and around 75% occurs from June to September. Evaporation rate is 2387 mm/year. Air temperature ranges from −1.4 • C in January to 27.4 • C in July, with mean temperature of 14.3 • C.
Archaean metamorphic rocks are basement and outcrop in the south of the catchment, and northwards, which is overlain by Cambrian and Ordovician carbonate rocks. The limestones and dolomites are massive and well jointed with a stratigraphic thickness of 1300-1400 m. Cambrian strata are composed of thick-bedded limestone, argillaceous limestone, and dolomite limestone, and Ordovician strata are characterized by the inter-bed of limestone and shale. They dip away from the metamorphic rocks at angles varying from 5 • to 10 • in the dip direction of NW20 • . Intrusive magmatic rocks (diorite and gabbro) of Yanshan epoch in Mesozoic are located in the top of Ordovician strata in the north, and the intrusive rocks are buried mostly by Quaternary sediments (Figure 1 ).
Jinan karst system is an open fracture karst system, consisting of Cambrian and Ordovician carbonate rocks. Precipitation is the main recharge source, and when total precipitation amount within 10 days is greater than 18 mm, the spring water level would respond within 5 days [58] . Yufu River is another recharge source of the karst aquifer [10, 62, 63] . In dry season, the Yufu River is charged by water drained down from its upstream reservoirs, or transported from Yellow River or Yangtze River through the canal built by the South-to-North Water Diversion Project. The volume of transported water was 43,470,000 m 3 in 2015, 34,130,000 m 3 in 2016 and 302,400,004 m 3 in 2017 (data is obtained from the website (http://www.whssk.com)).
The hydraulic conductivity for Jinan karst aquifer ranges from 0.05 m/day to 120 m/day. Groundwater is tending to move from the south toward the north (similar to the dip direction of strata) and is hindered by the intrusive rocks to form discharge areas ( Figure 2 ). In the city of Jinan, 108 karst springs occurred in an area of 2.6 km 2 , with discharge in the range from 3 × 10 5 to 4 × 10 5 m 3 /day under natural conditions [57] . These springs emerge in a close spatial area, of which Baotu Spring (BTQ), Heihu Spring (HHQ), Zhenzhu Spring (ZZQ), and Wulong Springs (WLQ) are most well-known. In the location of the BTQ and HHQ, igneous rock thickness is zero, Quaternary sediments connect directly with carbonate rock, and the karst groundwater directly discharge. WLT and ZZQ are mainly from the Cambrian formation with deeper runoff depth, the karst groundwater discharges through igneous rock fractures and exposed surface [62, 63] . Origins of BTQ and HHQ are different, BTQ is from west and south, water in HHQ origins from south east by water level monitor [61, 64] . The total discharge of springs was in the range from 3 × 10 5 to 4 × 10 5 m 3 /day in the 1960s, with the maximum value of 5× 10 5 m 3 /day in 1962. The average Baotu Spring discharge and Heihu Spring discharge were 7.83 × 10 4 m 3 /day and 1.12 × 10 5 m 3 /day for 1959-1972, respectively. With the development of industry and agriculture, groundwater exploitation increased from 7.28 × 10 4 m 3 /day in 1959 to 5 × 10 5 m 3 /day in 1981 to 7.689 × 10 5 m 3 /day in 1993, among which more than 70% was from karst groundwater. The karst springs stopped flowing at the first time in 1972 for the sake of over exploitation of karst groundwater, and later on, zero flow occurred in 1982, 1989, and 2000-2002. In order to restore the flow of the main springs for environment and tourism, municipal water supply wells were switched off and river water has been used as drinking water, and the main springs have been restored to flow since September 2003. [65] . The lag time of spring water level and precipitation on year scale for 1959-2011 is around 3-4 months based on wavelet transform [59] .
The total discharge of springs was in the range from 3 × 10 5 to 4 × 10 5 m 3 /day in the 1960s, with the maximum value of 5× 10 5 m 3 /day in 1962. The average Baotu Spring discharge and Heihu Spring discharge were 7.83 × 10 4 m 3 /day and 1.12 × 10 5 m 3 /day for 1959-1972, respectively. With the development of industry and agriculture, groundwater exploitation increased from 7.28 × 10 4 m 3 /day in 1959 to 5 × 10 5 m 3 /day in 1981 to 7.689 × 10 5 m 3 /day in 1993, among which more than 70% was from karst groundwater. The karst springs stopped flowing at the first time in 1972 for the sake of over exploitation of karst groundwater, and later on, zero flow occurred in 1982, 1989, and 2000-2002 . In order to restore the flow of the main springs for environment and tourism, municipal water supply wells were switched off and river water has been used as drinking water, and the main springs have been restored to flow since September 2003. 
Materials and Methods
This study is based on water sample analyses (hydrogeochemical analyses and stable isotope analyses) together with daily spring water level monitoring. Fifty-six water samples were collected at approximately monthly intervals between May 2015 to October 2016 from BTQ (n = 13), HHQ (n = 13), WLT (n = 12) and ZZQ (n = 12), in addition, 4 rainwater samples, and 2 river water samples in Yufu River were collected. 
This study is based on water sample analyses (hydrogeochemical analyses and stable isotope analyses) together with daily spring water level monitoring. Fifty-six water samples were collected at approximately monthly intervals between May 2015 to October 2016 from BTQ (n = 13), HHQ (n = 13), WLT (n = 12) and ZZQ (n = 12), in addition, 4 rainwater samples, and 2 river water samples in Yufu River were collected.
The water samples for cation analysis were collected in high density polyethylene bottles (pre-cleaned with 5% HNO 3 and deionized water), filtered through a 0.45 µm membrane filter after sampling, and stabilized by adding 1% HNO 3 immediately after filtration. The samples for anion and stable isotope analysis were collected in 100 mL pre-cleaned glass bottles.
Water temperature, pH, and electrical conductivity (EC) were measured in the situ using portable multi-parameter instrument (Multi 340i/SET) (WTW a xylem brand, Weilheim, Germany), with the precision of ±0. 
Results

Hydrogeochemistry
The water temperature ranged from 16. Saturation index (SI) quantitatively describes the deviation of water from equilibrium with respect to the dissolved mineral [67] . The calcite saturation index (SIc) ranged from −0.09 to 0.25 for water from BTQ, from −0.18 to 0.28 for water from HHQ, from −0.17 to 0.27 for water from WLT, and from −0.23 to 0.67 for water from ZZQ, indicating the spring water was generally saturated with calcite. The saturation index of dolomite (SId) ranged from −1.04 to −0.02 for water from BTQ, and from -0.92 to 0.08 for water HHQ, from −0.67 to 0.07 for water from WLT, and from −0.79 to 0.84 for water from ZZQ, indicating the spring water was unsaturated with dolomite. The variation of gypsum saturation index (SIg) was limited, from −1.72 to −1.56 for water from BTQ, from −1.64 to −144 for water from HHQ, from −1.81 to −1.67 for water from WLT, and from -1.91 to −1.62 for water from ZZQ, indicating the spring water was unsaturated with gypsum.
The water type of spring water samples were mostly Ca-HCO 3 -SO 4 ( Figure 5 ), two samples from BTQ, three sample from HHQ, two sample from WLT and one sample from ZZQ had water type of Ca-Na-HCO 3 -SO 4 , one sample from WLT had water type of Ca-HCO 3 , and one sample from ZZQ had water type of Na-Ca-HCO 3 -SO 4 . Compared with spring water, water from Yufu River had higher concentration of SO 4 2− , Cl − , Na + , Mg 2+ , and K + , and lower concentration of HCO 3 − , NO 3 − , and Ca 2+
with the water type of Ca-SO 4 .
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The water type of spring water samples were mostly Ca-HCO3-SO4 ( Figure 5 ), two samples from BTQ, three sample from HHQ, two sample from WLT and one sample from ZZQ had water type of Ca-Na-HCO3-SO4, one sample from WLT had water type of Ca-HCO3, and one sample from ZZQ had water type of Na-Ca-HCO3-SO4. Compared with spring water, water from Yufu River had higher concentration of SO4 2− , Cl − , Na + , Mg 2+ , and K + , and lower concentration of HCO3 − , NO3 − , and Ca 2+ with the water type of Ca-SO4. 
Stable Isotopes
The δ 2 H and δ 18 O values of the four rain samples were the most depleted among water samples, ranging from −86.80% to −62.17% and −12.28% to −9.25% , respectively. The δ 2 H and δ 18 O in the Yufu River were the most enriched, ranging from −46.8% to −45.9% and from −6.11% to −5.9% , respectively. The δ 18 O and δ 2 H values ranged from −8.75% to −8.17% , and −61.33% to −59.36% for BTQ, from −8.61% to −7.93% , and −61.06% to −55.76% for HHQ, from −8.99% to −8.11% , and −62.51% to −58.17% for WLT, and from −8.66% to −7.66% , and −61.06% to −57.03% for ZZQ, respectively.
The spring water samples lie below the global meteoric water line (GMWL: δ 2 H = 8δ 18 O + 10, [68] ). The local meteoric water line (LMWL) was obtained from the rain water samples as δ 2 H = 8.26δ 18 
Discussion
BTQ, HHQ, WLT, and ZZQ closely located with same geological background, while the four karst springs have different hydrogeochemical and isotopic characteristics although they are located in close proximity. Based on hydrogeological conditions and above results, BTQ, WLT, and ZZQ have similar behaviors, which are different with that of HHQ. In the following discussion, BTQ and HHQ are compared to characterize the Jinan karst aquifer.
Recharge Sources
The minimum value of HCO3 − concentration in BTQ and HHQ occurs on a different date in 2016. The minimum value of HCO3 − concentration in BTQ is 241.7 mg/L, occurs on 19 June, while the minimum value of HCO3 − concentration in HHQ is 282.4 mg/L, and occurs on 7 August.
The minimum value of HCO3 − concentration in HHQ is the result of dilution of rain water as there was a heavy rainfall event on 7 August. The rain water diluted the concentration of HCO3 − , Ca 2+ , SO4 2− , Cl − , Na + , and NO3 − both in BTQ and HHQ, and the ion concentration increased one day after the rainfall event. One day after the rainfall event, the TDS increased from 377.3 mg/L to 421.3 mg/L and from 427.8 mg/L and 459.5 mg/L, the saturation index of calcite increased from −0.06 to 0.02 and from −0.02 to 0.07, the saturation index of dolomite increased from −0.62 to −0.46 and from −0.48 to −0.33, the saturation index of gypsum increased from −1.7 to −1.61 and from −1.58 to −1.52 for water from BTQ and HHQ, respectively. The above results show the springs mainly discharge the storage water as the storage water has enough residence time to share higher TDS and saturation index.
Once the differences in δ 18 O of rain water-spring water before the rainfall event and spring water after rainfall event have been established-the simple isotope binary mixture model can be used to calculate the contribution of rainwater for spring discharge. The δ 18 O value for rain water in 7 August is −12.1‰, the δ 18 O value decreases from −8.43‰ to −8.75‰ and from −7.98‰ to −8.22‰ for samples collected on 7 August and 8 August for BTQ and HHQ, respectively. Therefore, the proportion of rain water in BTQ and HHQ one day after rainfall event is 5.8% and 8.5%, respectively. This result again illustrates the springs mainly discharge the storage water in aquifer one day after rainfall event. 
Discussion
BTQ, HHQ, WLT, and ZZQ closely located with same geological background, while the four karst springs have different hydrogeochemical and isotopic characteristics although they are located in close proximity. Based on hydrogeological conditions and above results, BTQ, WLT, and ZZQ have similar behaviors, which are different with that of HHQ. In the following discussion, BTQ and HHQ are compared to characterize the Jinan karst aquifer. Once the differences in δ 18 O of rain water-spring water before the rainfall event and spring water after rainfall event have been established-the simple isotope binary mixture model can be used to calculate the contribution of rainwater for spring discharge. The δ 18 O value for rain water in 7 August is −12.1% , the δ 18 O value decreases from −8.43% to −8.75% and from −7.98% to −8.22% for samples collected on 7 August and 8 August for BTQ and HHQ, respectively. Therefore, the proportion of rain water in BTQ and HHQ one day after rainfall event is 5.8% and 8.5%, respectively. This result again illustrates the springs mainly discharge the storage water in aquifer one day after rainfall event.
Recharge Sources
While the minimum value of HCO 3 − concentration in BTQ occurred on 19 June, there is no rain around that day from local weather record. Therefore, there must be other recharge sources for the least HCO 3 − concentration in BTQ, which do not influence the HHQ. This kind of recharge source also decrease the concentration of Ca 2+ and NO 3 − . In addition, the maximum value of concentration for SO 4 2− , Cl − , and Na + in BTQ also occur on 19 June, and no concentration peak exhibits on HHQ on that day. Considering river water has higher concentration of SO 4 2− , Cl − , and Na + , and lower concentration of HCO 3 − , Ca 2+ , and NO 3 − compared with that in spring water. Therefore, river water recharge is an important recharge source for BTQ, which does not show influence on HHQ. The regression line of stable isotope in HHQ (δ 2 H = 6.7δ 18 O − 3.6 (R 2 = 0.8)) is nearly parallel with LMWL, indicating the spring water mainly origins the direct infiltration of rain water. While the regression line of stable isotope in BTQ (δ 2 H = 3.5δ 18 O -31.0 (R 2 = 0.78)) has less slope, indicating there are other recharge origins with enriched stable isotope value except precipitation. River water is an important recharge for the Jinan karst aquifer [10, 63] . The average δ 18 O value of river water is 6.0% , which is more enriched than that of spring water. After infiltration into the underground, the river water would increase the δ 18 for SO4 2− , Cl − , and Na + in BTQ also occur on 19 June, and no concentration peak exhibits on HHQ on that day. Considering river water has higher concentration of SO4 2− , Cl − , and Na + , and lower concentration of HCO3 − , Ca 2+ , and NO3 − compared with that in spring water. Therefore, river water recharge is an important recharge source for BTQ, which does not show influence on HHQ.
The regression line of stable isotope in HHQ (δ 2 H = 6.7δ 18 O − 3.6 (R 2 = 0.8)) is nearly parallel with LMWL, indicating the spring water mainly origins the direct infiltration of rain water. While the regression line of stable isotope in BTQ (δ 2 H = 3.5δ 18 O -31.0 (R 2 = 0.78)) has less slope, indicating there are other recharge origins with enriched stable isotope value except precipitation. River water is an important recharge for the Jinan karst aquifer [10, 63] . The average δ 18 O value of river water is 6.0‰, which is more enriched than that of spring water. After infiltration into the underground, the river water would increase the δ 18 O value of groundwater and decrease the slope of regression line of stable isotope. The δ 18 O values in HHQ show seasonal variation with depleted values in the dry season and enriched values in the wet season (Figure 7) . In comparison, the δ 18 O values in BTQ show irregular variation, generally, with enriched values in dry season and depleted values in wet season. It is that the δ 18 O value for the sample collected in BTQ on 19 June is higher that the sample collected in other date. Therefore, water from the Yufu River is an important recharge source for the Baotu Spring in the dry season.
However, the river water does not influence HHQ, as HHQ does not show hydrogeochemical and stable isotopic response. In addition, the relationship of δ 18 O values between the samples from BTQ and HHQ is positive for samples collected in the wet season with a correlation coefficient of 0.88, while negative for samples collected in the dry season with a correlation coefficient of 0.32 except one couple of samples (This couple samples were collected on 27 May, when there was a rainfall). All in all, the different temporal variation of hydrogeochemistry and stable isotope in BTQ and HHQ prove these two springs have different recharge sources, which is mainly the precipitation for HHQ and the precipitation and river water for BTQ. 
Hydrogeochemical Processes
The saturation index of calcite (SIc) and dolomite (SId) in spring water have relation with water level (Figure 8 ). For BTQ, Sic, and SId have no relation with water level during low water level period, and positive with water level during high water level period. For HHQ, Sic, and SId are positive with water levels in both the low and high spring water level period. Simultaneous consideration of hydrogeochemistry and spring discharge could reveal the hydrogeochemical processes in aquifers [2, 47, 51] . The strong relationship between hydrogeochemistry and spring water level proves there is a functional relationship between the water level and hydrogeochemistry. However, the river water does not influence HHQ, as HHQ does not show hydrogeochemical and stable isotopic response. In addition, the relationship of δ 18 O values between the samples from BTQ and HHQ is positive for samples collected in the wet season with a correlation coefficient of 0.88, while negative for samples collected in the dry season with a correlation coefficient of 0.32 except one couple of samples (This couple samples were collected on 27 May, when there was a rainfall). All in all, the different temporal variation of hydrogeochemistry and stable isotope in BTQ and HHQ prove these two springs have different recharge sources, which is mainly the precipitation for HHQ and the precipitation and river water for BTQ.
The saturation index of calcite (SIc) and dolomite (SId) in spring water have relation with water level (Figure 8 ). For BTQ, Sic, and SId have no relation with water level during low water level period, and positive with water level during high water level period. For HHQ, Sic, and SId are positive with water levels in both the low and high spring water level period. Simultaneous consideration of hydrogeochemistry and spring discharge could reveal the hydrogeochemical processes in aquifers [2, 47, 51] . The strong relationship between hydrogeochemistry and spring water level proves there is a functional relationship between the water level and hydrogeochemistry. α < 0 the concentration declines with an increasing spring water level, indicating dilution is more important as volumetric flux is more than that of the dissolved mass flux.
The two springs show different relationships between water level and TDS, reflecting different hydrogeochemical processes for these two springs. In the dry season, both BTQ and HHQ have a positive α value, indicating dissolution is the major hydrogeochemical process. In the wet season, the value of α in BTQ is negative, indicating dilution is the major hydrogeochemical process, while the value of α in HHQ is nearly zero, indicating the stable ion concentration.
. The HCO3/Ca ratio ranges from 1.74 to 3 with an average value of 2.21 for BTQ, and from 1.68 to 2.41 with an average value of 2.1 for HHQ, indicating the dissolution process is mainly controlled by calcite and dolomite. Same result could also be obtained by the Mg/Ca ratio, which ranges from 0.26 In order to quantify the relationship between spring water level and ion concentration, the equation is modified on the basis of the Function (1) from Grasso [69] and the Function (2) from Kang [57] .
Q is spring discharge (10 4 m 3 /day) and H is the spring water level elevation (m a.s.l.). This exponential function can be expressed as the pair of C(t)/H(t) presented on a logarithmic plot fall on a straight line as:
α: a parameter reflects the relative importance of dilution and dissolution; A: a constant. Depending on the α value, three cases can be identified: α = 0 the ion concentration is stable; α > 0 the ion concentration rises with an increasing spring water level, indicating dissolution is more important as the mass flux is more than that the volumetric flux; α < 0 the concentration declines with an increasing spring water level, indicating dilution is more important as volumetric flux is more than that of the dissolved mass flux.
The HCO 3 /Ca ratio ranges from 1.74 to 3 with an average value of 2.21 for BTQ, and from 1.68 to 2.41 with an average value of 2.1 for HHQ, indicating the dissolution process is mainly controlled by calcite and dolomite. Same result could also be obtained by the Mg/Ca ratio, which ranges from 0.26 to 0.46 with an average value of 0.32 for BTQ and varies from 0.25 to 0.34 with an average of 0.3 for HHQ.
The HCO 3 /Ca ratio in BTQ is higher than that in HHQ from February to July, and less than that in HHQ from August to November, similar behavior also occurs for Mg/Ca ratio (Figure 9 ), indicating the different seasonal hydrogeochemical processes. For BTQ, the HCO 3 /Ca ratio and Mg/Ca ratio are higher from May to July, indicating more dolomite dissolution in this period. While for HHQ, the HCO 3 /Ca ratio and Mg/Ca ratio are higher from August to November, indicating more dolomite dissolution from August to November.
The HCO3/Ca ratio in BTQ is higher than that in HHQ from February to July, and less than that in HHQ from August to November, similar behavior also occurs for Mg/Ca ratio (Figure 9 ), indicating the different seasonal hydrogeochemical processes. For BTQ, the HCO3/Ca ratio and Mg/Ca ratio are higher from May to July, indicating more dolomite dissolution in this period. While for HHQ, the HCO3/Ca ratio and Mg/Ca ratio are higher from August to November, indicating more dolomite dissolution from August to November.
Except mineral dissolution, the two springs also show different responses to human activities. The NO3 − of BTQ and HHQ show a similar decreasing trend in the dry season, while the NO3 − of BTQ increases more than that of HHQ in the wet season. In the wet season, the rain water would carry the NO3 − into aquifer from soil layer, increases the NO3 -in karst groundwater. The higher NO3 − in BTQ reflects BTQ is more sensitive to agriculture activity. Therefore, BTQ and HHQ not only have different recharge sources, but also experience different hydrogeochemical processes. 
Spring Water Level Hydrodynamic Processes
Limited by the local condition, it is not easy to measure the spring discharge, and there are automatic observation water level gauges that could provide the daily spring water level with a high precision of mm. According to the long term observation of spring discharge and groundwater level in the Jinan spring catchment, there is a strong positive relationship between spring discharge and groundwater level with a coefficient of 0.80 [57] .
The water level of BTQ and HHQ have a similar seasonal trend, with the highest water level in September and the lowest water level in July. However, there are also some differences between the water level of BTQ and HHQ. In the years of 2012, 2013, 2016, and 2018, the water level of BTQ is around 5 cm higher than the water level of HHQ in the dry season, while 5-15 cm lower than HHQ in the wet season. Similar spring water level behaviors are also observed in the year of 2010 and 2011, when the water level in BTQ is 3-4 cm higher than the water level in HHQ in the dry season, and 5 cm lower than that of HHQ in the wet season [61] . In the years of 2014, 2015, and 2017, the water level of BTQ is higher than the level of HHQ for both the wet and dry seasons.
The water level difference (ΔH) is defined as the water level of the Baotu Spring minus the water level of the Heihu Spring. From Figure 10 , the distribution of the water level difference (ΔH) against the water level of BTQ/HHQ is arc-shaped. The maximum water level difference occurs at the water level of 27.9 m and zero water level difference occurs at water level of 29 m. Given the zero outflow elevation of BTQ and HHQ is 27 m, three conditions are obtained: 1. At the water level between 27 m and 27.9 m, the water level of BTQ is higher than that of HHQ, and the water level difference (ΔH > 0) increases with the spring water level. 2. At the water level between 27.9 m and 29 m, the water level of BTQ is also higher than that of HHQ, while the water level difference (ΔH > 0) decreases with the increase of spring water level. Except mineral dissolution, the two springs also show different responses to human activities. The NO 3 − of BTQ and HHQ show a similar decreasing trend in the dry season, while the NO 3 − of BTQ increases more than that of HHQ in the wet season. In the wet season, the rain water would carry the NO 3 − into aquifer from soil layer, increases the NO 3 -in karst groundwater. The higher NO 3 − in BTQ reflects BTQ is more sensitive to agriculture activity. Therefore, BTQ and HHQ not only have different recharge sources, but also experience different hydrogeochemical processes.
The water level difference (∆H) is defined as the water level of the Baotu Spring minus the water level of the Heihu Spring. From Figure 10 , the distribution of the water level difference (∆H) against the water level of BTQ/HHQ is arc-shaped. The maximum water level difference occurs at the water level of 27.9 m and zero water level difference occurs at water level of 29 m. Given the zero outflow elevation of BTQ and HHQ is 27 m, three conditions are obtained:
1.
At the water level between 27 m and 27.9 m, the water level of BTQ is higher than that of HHQ, and the water level difference (∆H > 0) increases with the spring water level.
2.
At the water level between 27.9 m and 29 m, the water level of BTQ is also higher than that of HHQ, while the water level difference (∆H > 0) decreases with the increase of spring water level.
3.
At the water level higher than 29 m, the water level of BTQ is lower than that of HHQ. At the same time the water level difference (∆H < 0) increases with the increase of spring water level. The water level differences vary with the spring water level, which illustrates the different water level dynamic of BTQ and HHQ, and reflects the degree of karstified vertical zoning. Two reasons attribute the water level differences between BTQ and HHQ, the different responses to precipitation, and the different depletion processes.
There was a storm on 7 August with total precipitation of 50 mm. Before the storm, from 1 August to 6 August, the water level of both BTQ and HHQ increased at the rate of 4 cm/day. From 7 August to 8 August, water level of BTQ increased at the rate of 9 cm/day, while the water level of HHQ increased at the rate of 11 cm/day. The higher response rate of HHQ than that of BTQ indicates HHQ is more sensitive to precipitation recharge in term of water level, which explains the water level of HHQ exceeding the water level of BTQ in the wet season. For example, in the year 2016, the water level of BTQ was higher than that of HHQ before 11 August, equal with 28.85 m on 11 August, and lower than that of BTQ after that day.
A recession analysis has been done for each spring hydrograph following the method proposed by Birk [70] . Data used in the recession analysis were the spring water level from September to December in the years of 2012-2018 ( Figure 11 ). The depletion coefficient (α) varies each year from 1.57 × 10 −3 day −1 to 7.18 × 10 −3 day −1 t for BTQ and from 1.56 × 10 −3 day −1 t to 7.95 × 10 −3 day −1 t for HHQ. The depletion coefficient (α) of HHQ is generally higher than that of Baotu Spring. The higher depletion coefficient for HHQ explains the lower water level of HHQ in the dry season than that of BTQ. Therefore, through analysis the daily spring water level data, BTQ and HHQ have different hydrodynamic characteristics, which may have resulted from inner factor (the heterogeneity of karst conduit/fissure) or outer factor (recharge amount). The water level differences vary with the spring water level, which illustrates the different water level dynamic of BTQ and HHQ, and reflects the degree of karstified vertical zoning. Two reasons attribute the water level differences between BTQ and HHQ, the different responses to precipitation, and the different depletion processes.
A recession analysis has been done for each spring hydrograph following the method proposed by Birk [70] . Data used in the recession analysis were the spring water level from September to December in the years of 2012-2018 ( Figure 11 ). The depletion coefficient (α) varies each year from 1.57 × 10 −3 day −1 to 7.18 × 10 −3 day −1 t for BTQ and from 1.56 × 10 −3 day −1 t to 7.95 × 10 −3 day −1 t for HHQ. The depletion coefficient (α) of HHQ is generally higher than that of Baotu Spring. The higher depletion coefficient for HHQ explains the lower water level of HHQ in the dry season than that of BTQ. Therefore, through analysis the daily spring water level data, BTQ and HHQ have different hydrodynamic characteristics, which may have resulted from inner factor (the heterogeneity of karst conduit/fissure) or outer factor (recharge amount). Water 2019, 11, x FOR PEER REVIEW 16 of 20 Figure 11 . The water level response to rainfall event and the depletion hydrograph in BTQ and HHQ.
Conclusion
We detailed the analyses of the water level, hydrogeochemistry, and stable isotope data of two neighboring karst springs, Baotu Spring (BTQ) and Heihu Spring (HHQ), that are within a distance of 430 m, to reveal the different recharge sources, hydrogeochemical processes, and hydrodynamic characteristics. Our results lead to the following conclusions: Figure 11 . The water level response to rainfall event and the depletion hydrograph in BTQ and HHQ.
Conclusions
We detailed the analyses of the water level, hydrogeochemistry, and stable isotope data of two neighboring karst springs, Baotu Spring (BTQ) and Heihu Spring (HHQ), that are within a distance of 430 m, to reveal the different recharge sources, hydrogeochemical processes, and hydrodynamic characteristics. Our results lead to the following conclusions:
1.
The different temporal variations of hydrogeochemistry and stable isotope prove BTQ and HHQ have different recharge sources. BTQ is mainly recharged by precipitation and river water, while HHQ is mainly recharged by precipitation.
2.
The different relationship between spring water level and hydrogeochemistry reflect the different hydrogeochemical processes of BTQ and HHQ. Based on the ion ratios, the two springs experience different seasonal hydrogeochemical processes, more dolomite dissolution in the dry season and less dolomite dissolution in the wet season in BTQ compared to HHQ. In addition, the different seasonal variations of nitrate show BTQ is more sensitive to agriculture activities than HHQ. 3.
The two springs have different hydrodynamic conditions, caused by the vertical zoning of karstification. HHQ responses more quickly to a rainfall event and drains more quickly than BTQ, which results in the water level of BTQ being higher than HHQ in the dry season and lower in the wet season.
All in all, this study highlights the viewpoint that the neighboring karst springs could show different behaviors and belong to different flow systems. The differences between the neighboring karst springs are the evidence that reveals the complexity of the karst system.
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